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The solid solution phase of LixFePO4 with different Li concentrations, x, was investigated by Mo¨ssbauer
spectrometry at temperatures between 25 and 210 °C. The Mo¨ssbauer spectra show a temperature dependence
of their isomer shifts (EIS) and electric quadrupole splittings (EQ), typical of thermally activated, electronic
relaxation processes involving 57Fe ions. The activation energies for the fluctuations of EQ and EIS for Fe3+
are nearly the same, 570 ( 9 meV, suggesting that both originate from charge hopping. For the Fe2+ components
of the spectra, the fluctuations of EQ occurred at lower temperatures than the fluctuations of EIS, with an
activation energy of 512 ( 12 meV for EQ and one of 551 ( 7 meV for EIS. The more facile fluctuations of
EQ for Fe2+ are evidence for local motions of neighboring Li+ ions. It appears that the electron hopping
frequency is lower than that of Li+ ions. The activation energies of relaxation did not have a measurable
dependence on the concentration of lithium, x.
Introduction
Olivine-type LixFePO4 (0 e x e 1) has been investigated as
a promising cathode material for lithium ion batteries since
1997.1 This material has several attractive properties, such as
low cost, a high capacity of 170 mAh/g, a high voltage of 3.5
V versus Li+/Li, environmental compatibility, and good thermal
and chemical stability. Although methods of carbon coating and
particle-size reduction have improved the electrical conductivity
of practical LixFePO4 electrode materials,2-14 low intrinsic
electronic conductivity still may be a major challenge. Consistent
measurements of intrinsic conductivity have proved difficult,
with reported activation energies ranging from 150 to 1500
meV.6,7,15-22
A disordered solid solution phase of LixFePO4 was discovered
by in situ X-ray diffractometry (XRD) at elevated tempera-
tures.23 This solid solution phase is kinetically stable after
quenching to room temperature.24 A transmission electron
microscopy (TEM) study suggested that strain energy helps
stabilize this phase during cooling.25 In related work, the phase
boundaries of the unmixed phases at room temperature were
determined by neutron diffraction and open circuit volt-
age (OCV) measurements.26 An experimental assessment of the
phase diagram by XRD showed a eutectoid point around x )
0.6 and 200 °C.24 This disordered solid solution phase and its
eutectoid point have generated considerable interest. The
electronic and ionic conductivity of this phase may differ from
the equilibrium two-phase mixture. Furthermore, a eutectoid
point is not expected for a disordered solid solution dominated
by a configurational entropy of mixing. A study of the phonon
density of states (DOS) of Li0.6FePO4 by inelastic neutron
scattering and differential scanning calorimetry (DSC) indicated
that the vibrational entropy of mixing was much smaller than
the larger configurational entropy of mixing and probably does
not alter the phase diagram qualitatively.27 On the other hand,
first-principles calculations indicated that a eutectoid point can
be stabilized by an extra configurational entropy from electronic
degrees of freedom.28
Small polaron hopping is the expected mechanism for
electronic conduction in LixFePO4, as for other ferric/ferrous
minerals. In the olivine-type orthorhombic structure of both
LiFePO4 (triphylite) and FePO4 (heterosite), there are different
distortions of FeO6 octahedra around Fe2+ sites and Fe3+ sites.
These distortions must accompany the motion of charge between
Fe ions, a process called “small polaron hopping”, and Li+ ions
may undergo motions in concert with the polarons. Additionally,
Li+ ionic transport has been studied together with surface
morphology29-31 and magnetic properties.32,33
Mo¨ssbauer spectrometry is an effective probe of local
electronic structure and dynamics in iron compounds. Previous
measurements on mixed-valence materials proved useful for
assessing thermally activated electron delocalization between
Fe2+ and Fe3+ and relaxation processes.34-36 The heterosite to
triphylite transformation was also studied by Mo¨ssbauer spec-
troscopy, during charging and discharging of an electrochemical
cell,37 and used for comparing different synthesis procedures.38
The small polaron hopping process in LixFePO4 was studied at
high temperatures where a narrowing of absorption lines is
observed in Mo¨ssbauer spectra.39 A study of valence fluctuations
in both Li0.6FePO4 two-phase mixtures and disordered solid
solutions at elevated temperatures by Mo¨ssbauer spectroscopy
showed rapid electronic fluctuations in the solid solution phase
but essentially no electronic dynamics in the two-phase mix-
ture.40
Here, we extended the Mo¨ssbauer spectrometry results from
our previous work40 to investigate the dependence on Li
concentration of valence and electric field gradient (EFG)
fluctuations in the solid solution phase of LixFePO4 (with
different values of x) between 25 and 210 °C. Activation
energies for the relaxations of isomer shifts and electric
quadrupole splittings were obtained for both Fe2+ and Fe3+.
These were helpful for identifying a second source of fluctua-
tions in Fe2+ that is independent of charge hopping. We suggest
it originates with local motions of Li+ ions. By using this
physical information with the Nernst-Einstein relations, intrinsic
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electronic and ionic conductivities were assessed from the
hopping frequencies. The composition dependences of these
activated processes were weak.
Experimental Section
Powders of LiFePO4 were prepared by a solid state reaction
as described in previous work.41 Two-phase mixtures of
heterosite (FePO4) and triphylite (LiFePO4) were obtained by a
chemical delithiation reaction using potassium persulfate
(K2S2O8) in an aqueous solution.24 By altering the molar ratios
of the reactants, four compositions were prepared: Li0.3FePO4,
Li0.45FePO4, Li0.6FePO4, and Li0.8FePO4 (x ) 0.3, 0.45, 0.6, 0.8).
Disordered solid solutions were obtained by heating these
materials for 12 h at 380 °C in vacuum-sealed glass ampoules,
followed by quenching to room temperature. X-ray diffraction
(XRD) patterns were measured for all samples with a PANa-
lytical X’pert PRO X’Celerator diffractometer using Cu KR
radiation. The diffraction patterns showed that the quenched
samples retained the high temperature disordered solid solution
phase, which had good stability at room temperature. (The
quenched sample of Li0.3FePO4 contained some heterosite phase,
however.) Rietveld analyses with the software package Philips
X’pert Plus were used to determine lattice parameters and phase
fractions. Samples were examined by XRD at the intermediate
steps of preparation and before and after Mo¨ssbauer spectrom-
etry measurements at elevated temperatures.
Mo¨ssbauer spectrometry was performed with samples mounted
and heated in a small electrical resistance furnace at fixed
temperatures. The Mo¨ssbauer spectrometer was a conventional
constant acceleration system with a 57Co (in Rh) γ-ray source.
Spectra were acquired for 12 h and again after cooling, to ensure
that heating did not change the spectra measured at 25 °C. These
are measurable differences in the room temperature Mo¨ssbauer
spectra of the two-phase mixture and the quenched samples for
a particular composition x. These differences were consistent
between samples, and did not change after annealing the samples
at a temperature of 160 °C for 10 h, for example. Velocity and
isomer shift calibrations were performed with reference to room-
temperature R-Fe spectra. Quadrupole splitting (EQ) distributions
were analyzed by the method of Le Cae¨r and Dubois42 as a
continuous function in the range 0 to 7 mm/s. A correlation
between the isomer shift and the EQ distribution was assumed,
with parameters determined by the best fits of the recalculated
spectra to measured spectra.
Results
Figure 1 shows XRD patterns measured at 25 °C for both
two-phase mixtures of heterosite and triphylite and for disor-
dered solid solutions. All are similar to those reported
previously.24,43 The phase diagram of FePO4-LiFePO4 shows
stable solid solutions above 350 °C, but by rapid quenching
this high-temperature equilibrium state can be retained at room
temperature with good stability owing to slow atomic diffusion.24
The solid solution has the same olivine structure as the triphylite
and heterosite. The XRD patterns of the quenched solid solutions
are consistent with patterns measured in situ at high tempera-
tures.23 In addition to the consistency of Mo¨ssbauer spectra of
quenched samples, even after annealing, further evidence for
the stability of the samples is shown in Figure 2. Lattice
parameters of Li0.45FePO4 and Li0.8FePO4 solid solutions do not
change after a 10 h annealing at 160 °C. However, heating above
210 °C for 12 h caused irreversible changes in the state of the
material (except for x ) 0.6), so our in situ Mo¨ssbauer
spectrometry measurements were confined to temperatures of
210 °C and below. The refinement results presented in Figure
2 show a monotonic change of lattice parameters with Li
concentration. Instead of straight lines, the concave-downward
curvature of lattice parameters, especially for the more robust
results for the a axis and b axis, are distinctly different from a
linear combination of two-phase mixtures. Although these XRD
and Mo¨ssbauer results do not rule out some clustering of Li+
or vacancies in the high-temperature solid solution phase, they
do indicate that the clustering does not change at most
temperatures of our in situ measurements. Quenched samples
can therefore be used to study disordered solid solutions at low
and intermediate temperatures, without any observable changes
in the structure.
Owing to the different distortions of the FeO6 octahedra and
the different valences of Fe3+ and Fe2+, different electric field
gradients (EFG) and isomer shifts (IS) are found for Fe3+ and
Figure 1. XRD patterns of two-phase mixtures (H + T) and quenched
solid solutions (D) of LixFePO4 at 25 °C, with x ) 0.3, 0.45, 0.6, 0.8.
Figure 2. Lattice parameters a, b, and c (Å) of LixFePO4 solid solutions
with different x.The cross markers show solid solution after annealing
to 160 °C for 10 h and cooled to RT, with x ) 0.45 and 0.8.
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Fe2+. Mo¨ssbauer spectra of FePO4 (heterosite with Fe3+) and
LiFePO4 (triphylite with Fe2+) at 25 °C are shown in Figure
3a. These two spectra each show one quadrupole splitting, larger
for the Fe2+ in triphylite than the Fe3+ in heterosite. Spectra of
the other two-phase mixtures are approximately linear combina-
tions of these two doublets. Spectra of the corresponding
quenched solid solutions are shown in Figure 3b, and spectra
of two-phase mixtures at 210 °C are shown in Figure 3c. There
is little temperature dependence of the spectra from the two-
phase mixtures from 25 to 210 °C.
Figure 4a,b shows quadrupole splitting (EQ) distributions of
heterosite and triphylite spectra at 25 °C obtained with the fitting
method of Le Cae¨r and Dubois.42 Both exhibit an approximate
Gaussian distribution around a mean quadrupole splitting,
associated with one doublet in their spectra (seen in Figure 3a).
For the Fe3+ and Fe2+, the average EQ are 1.59 and 2.96 mm/s
with isomer shifts (IS) of 0.35 and 1.26 mm/s respectively.
Figure 4c,d shows the EQ distribution of the Li0.6FePO4 two-
phase mixture and solid solution at 25 °C. These distributions
show two local maxima corresponding to the two doublets in
their Mo¨ssbauer spectra (the Fe2+ doublet is somewhat larger,
consistent with the composition x ) 0.6). The EQ distribution
of the disordered sample in Figure 4d has a somewhat smaller
EQ (mean of 2.04 mm/s) than that of its two-phase counterpart
in Figure 4c (mean of 2.26 mm/s). Evidently, the more
homogeneous Li+ arrangement in the solid solution weakens
the average EFG at Fe sites. From the fitting analysis, the
Li0.6FePO4 solid solution has two IS values, 0.187 mm/s and
1.19 mm/s, which are somewhat smaller than those of heterosite
and triphylite. As discussed below, analyses of the other solid
solutions also gave two local maxima, that is, evidence for two
distinct local chemical environments of Fe, even at the tem-
perature of 210 °C, although the two IS values were merging
together at 210 °C. This is in contrast to spectra at much higher
temperatures, where the disordered solid solution shows one
doublet with an averaged valence.39
Figure 5 shows Mo¨ssbauer spectra of disordered solid
solutions with the compositions x ) 0.3, 0.45, 0.6, and 0.8 at
temperatures from 25 to 210 °C. Each temperature series shows
a collapse of the doublets (changes in the Fe2+ are the most
obvious, and start at the lowest temperatures) and distortions
of the spectral lineshapes, indicating a dynamical relaxation
process with a time scale within the Mo¨ssbauer window of 1 to
100 ns. Interestingly, we did not observe the same phenomena
in spectra of two-phase mixtures at 210 °C; their spectra showed
very little change at elevated temperatures as shown in Figure
3c.
For quantitative analyses, the spectra were fitted and smoothed
by calculating the correlation matrix between counts in each
channel and the EQ distribution with the software of Le Cae¨r
Figure 3. Mo¨ssbauer spectra at 25 °C of (a) triphylite (x ) 1),
heterosite (x ) 0) and two-phase mixtures of x ) 0.8, 0.6, 0.45 and
0.3; (b) quenched solid solutions of x ) 0.8, 0.6, 0.45 and 0.3; (c)
two-phase mixtures at 210 °C.
Figure 4. Quadrupole splitting distributions P(EQ) of (a) heterosite;
(b) triphylite; (c) Li0.6FePO4 two-phase mixture; (d) Li0.6FePO4 solid
solution at 25 °C.
Figure 5. Mo¨ssbauer spectra of solid solutions at elevated temperatures
for four compositions: Li0.8FePO4, Li0.6FePO4, Li0.45FePO4, Li0.3FePO4.
All spectra were fitted with the method of Le Cae¨r and Dubois.42
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and Dubois.42 Figure 6 shows the change of isomer shift with
temperature. For each composition there are two values of IS,
corresponding to the two doublets in the spectra. They approach
each other as the temperature increases, indicating a rapid
hopping of valence between the Fe valence states. At higher
temperatures, these curves would be expected to merge, but
structural changes in the materials caused us to stop data
acquisition at 210 °C.
Figure 7 shows the distribution of the electric quadrupole
splitting (EQ) at increasing temperature (see also Figure 8). For
each composition, the distribution decreases in velocity (energy)
as the temperature increases from 25 to 210 °C. There is a
distinct shift of the local maxima in the temperature ranges
195-210 °C for x ) 0.8, 175-195 °C for x ) 0.3, 150-175
°C for x ) 0.45, and below 150 °C for x ) 0.6. This correlates
with the change of EIS values (Figure 6), where EIS of Fe2+ and
Fe3+ have a monotonic increase or decrease with temperature,
and a distinct temperature for the onset of the temperature range
for changes in EIS for each composition. The onset temperatures
for the EQ relaxations are lowest for Fe2+, and perhaps for the
composition x ) 0.6.
Discussion
We define a frequency, Γ, in terms of the energy change
measured with the isomer shift and EFG parameters of the
Mo¨ssbauer spectra: ΓIS(T) ) ∆EIS(T)/h, and ΓQ(T) ) ∆EQ(T)/
h. Figure 9 presents graphs of the temperature dependences of
these parameters, useful for evaluating parameters of an
Arrhenius relationship
Γ(T))Γ0 exp(-∆Q/kT) (1)
Fits to these data were performed with both Γ0 and ∆Q as
free parameters, but Γ0 showed variations over a wide range.
Therefore, for Table 1 and Table 2, we selected the intermediate
value of Γ0 ) 2 × 1013, typical of phonon frequencies obtained
from phonon DOS curve27 and Raman spectra,44 which are the
expected attempted frequencies for the polaronic charge hopping
process. The activation energies ∆Q for the temperature-
dependent EIS and EQ for Fe2+ and Fe3+ give four columns of
data in Table 1 and Table 2. The fitting was done at the higher
temperatures where the EIS and EQ showed deviations from their
low-temperature values, and it was this deviation that was used
for the fit.
Figure 6. Change of isomer shift (mm/s) of Fe2+ (squares) and Fe3+
(circles) vs temperature (°C) fitted from Mo¨ssbauer spectra in Figure 5
for the four compositions: (a) x ) 0.3, (b) x ) 0.45, (c) x ) 0.6, and
(d) x ) 0.8.
Figure 7. Electric quadrupole splitting distribution P(EQ) of LixFePO4
solid solution vs temperature, with (a) x ) 0.8, (b) x ) 0.6, (c) x )
0.45, (d) x ) 0.3. Solid thick line: 25 °C. Thin solid line: 150 °C.
Thick dotted line: 175 °C. Thin dashed line: 195 °C. Thick dashed
line: 210 °C. (Only distributions above 150 °C are shown for clarity.)
Figure 8. Values of quadrupole splitting EQ obtained from Figure 7.
Parts a and b correspond to the Fe2+ and Fe3+ doublets, respectively,
from the two peaks in the quadrupole splitting distribution of Fig-
ure 7.
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The composition dependences in Table 1 and Table 2 are
weak. The activation energies for the quadrupole splittings of
Fe2+ show a monotonic change with x in 2. The composition
dependence of the activation energy for Fe3+ is smaller and
harder to measure. The variation for Fe2+ is larger and easier
to measure, however. The activation energy for EQ of Fe2+ may
show a real compositional trend, with slower dynamics as x
increases from 0.3 to 0.8.
Figure 8 shows that relaxations of EQ for Fe2+ occur at
relatively lower temperatures than the relaxations of EIS shown
in Figure 6. It is curious that the activation energy of EQ for
Fe2+ is lower than the activation energy for EIS of Fe2+ (Table
1 and Table 2). The difference is significant experimentally,
however, and is therefore important to consider in models of
electronic processes. The activation energy for EIS of Fe2+ may
be lower than for Fe3+, but the trend is not robust statistically.
We expect that the activation energy for charge hopping should
be the same for Fe2+ and Fe3+ because charge hopping involves
both ions.
We suggest that there is an additional electronic process
involving Fe2+ that contributes measurable fluctuations in its
EFG. The simplest viewpoint is that this process is independent
of the mechanism of charge hopping, so its fluctuations add to
the fluctuations from charge hopping. This simplest viewpoint
is adequate to account for the trends in the experimental data;
Figure 8 shows that EQ for Fe2+ begins to relax at a lower
temperature than EQ for Fe3+. The EQ for Fe2+ may be starting
to reach a plateau for the intermediate composition x ) 0.6 (and
x ) 0.45), consistent with ref 14. The relaxations of EIS for
Fe2+ shown in Figure 6 (top curves) are relatively small and do
not seem significantly different from those of EIS for Fe3+.
Measuring an activation energy from these small changes is
not reliable, so the accuracy is low for the activation energies
of the isomer shift data in Table 1 for Fe2+. Nevertheless, the
changes in EQ for Fe2+ are large and easy to measure reliably,
and the peak from Fe2+ in the plots of P(EQ) of Figure 7 is
seen to change at the lowest temperatures.
A physical process consistent with this simplest viewpoint
of an additional electronic process is that the local environment
of an Fe2+ ion is affected by the dynamics of a neighboring
Li+ ion. On the other hand, the Fe3+ ions are less affected
because the Li+ ions are not so often in their immediate vicinity.
Evidently, the Li+ dynamics begins to cause fluctuations in EQ
for Fe2+ at lower temperatures than do the charge hopping
processes, consistent with a picture where Li+ ions shuttle
between two sites that are both nearest-neighbors of an Fe2+
ion. Because the Li+ ion does not leave the neighborhood of
the Fe2+ ion, the isomer shift is not altered significantly, although
the dynamical distortions of the environment may alter EIS
somewhat. The EFG is sensitive to the orientation of the charge
distortion, which changes as the Li+ shuttles between adjacent
sites. A quantitative interpretation of the experimental data
would require an advanced model,45 with parameters that
probably cannot be determined uniquely with the present data.
For example, it is not known how many Fe2+ ions are affected
by the Li+ dynamics or how these effects extend to the higher
temperatures where charge hopping becomes important.
We can, however, use this information on the relaxations of
Fe3+ to gain understanding of the charge transfer process. The
activation energies for EIS and EQ are very similar, suggesting
that both originate from the charge transfer process. Averaging
these activation energies for Fe3+ gives 570 ( 9 meV. This is
larger than the calculated activation energy for hopping of a
simple polaron28,46 and suggests that charge transport in LixFe-
PO4 requires other activations. We suggest that the correlation
to Li+ ion dynamics is responsible for a larger activation energy.
This does not necessarily mean that individual electrons and
ions move together. In fact, if charge transfers occur between
neighboring FeO6 octahedra, the two are not in equivalent
positions with respect to Li+ sites on one a-plane (although there
are equivalent sites on the next Li+ layer). The three-dimensional
configuration of Li+ ions and vacancies allows some indepen-
dence of electronic and ionic conductivity. It should also be
mentioned that Mo¨ssbauer spectrometry is sensitive to averages
of the residence times of Li+ ions and Fe valence on the different
crystallographic sites, so less-favorable configurations (i.e., Li+
near Fe3+) contribute less to the spectra even though such
configurations could occur during thermal activation. In other
words, a Li+ ion may pass near Fe3+, but if it passes quickly,
the Fe3+ doublet in the spectrum will be little affected.
With the physical pictures above, we can use the Nernst-
Einstein relation to convert the jump frequencies for charges
and ions into electronic and ionic conductivity, respectively.
Using the data of Table 1 and Table 2 for Fe3+, for all
compositions, we find an electrical conductivity 10-10 to 10-9
S/cm if we extrapolate the results to 25 °C. As noted earlier, a
Figure 9. Arrhenius plot of ln[∆EIS(T)] and ln[∆EQ(T)] vs 1/T (103
K-1) using fitted EIS and EQ results of Fe2+ and Fe3+ from LixFePO4
solid solutions of four compositions. Activation energies are obtained
from the fit lines.
TABLE 1: Activation Energies and Pre-Factors of
Relaxation from Change of Isomer Shift Energies, EIS; Γ0 )
2 × 1013 Hz
x valence ∆Q (meV) valence ∆Q (meV)
0.8 Fe2+ 546 Fe3+ 581
0.6 Fe2+ 560 Fe3+ 560
0.45 Fe2+ 554 Fe3+ 556
0.3 Fe2+ 543 Fe3+ 572
avg Fe2+ (551 ( 7) Fe3+ (567 ( 10)
TABLE 2: Activation Energies and Pre-Factors of
Relaxation from Change of Quadrupole Splitting Energies,
EQ; Γ0 ) 2 × 1013 Hz
x valence ∆Q (meV) valence ∆Q (meV)
0.8 Fe2+ 532 Fe3+ 564
0.6 Fe2+ 511 Fe3+ 571
0.45 Fe2+ 510 Fe3+ 578
0.3 Fe2+ 497 Fe3+ 580
avg Fe2+ (512 ( 12) Fe3+ (573 ( 6)
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faster jump frequency is found for the quadrupole splittings of
Fe2+. This implies a conductivity 10-8 to 10-9 S/cm if we
extrapolate to 25 °C. This does not correspond precisely to an
ionic conductivity because the ionic motions that alter the Fe2+
hyperfine parameters are not necessarily diffusive. Nevertheless,
this discrepancy between conductivities for Fe2+ and Fe3+ does
indicate that the intrinsic electronic mobility in LixFePO4 is
relatively low compared with the mobility of Li+. The weak
dependence on composition suggests that the rate capability of
the solid solution phase of LixFePO4 may be difficult to alter
by chemical modifications.
In the FePO4-LiFePO4 composition-temperature phase
diagram, there is a eutectoid point around x ) 0.6 and T ) 200
°C.23,24 The present experimental work does not show any large
fluctuations in the charge dynamics at the composition x ) 0.6,
suggesting that there is no large dynamical source of entropy
that stabilizes the solid solution at this composition.
Conclusions
In the temperature range 25 to 210 °C, similar temperature
dependences were observed in the Mo¨ssbauer spectra of four
compositions of the solid solution phase of olivine LixFePO4.
Spectral contributions from Fe2+ and Fe3+ were separated, and
it was found that the electric quadrupole splitting of Fe2+ showed
dynamics at lower temperatures than that of Fe3+. Activation
energies for the fluctuations of EIS and EQ for Fe3+ were similar,
approximately 570 meV. For the Fe2+ components of the spectra,
the fluctuations of EQ occurred at lower temperatures than the
fluctuations of the isomer shift (EIS), with an activation energy
of 512 meV for EQ and of 551 meV for EIS. The more facile
fluctuations of EQ for Fe2+ are evidence for fast motions of Li+
ions that remain in the neighborhood of an Fe2+ ion. It appears
that the intrinsic electronic mobility is lower than the mobility
of Li+.
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